Comparative genomic analysis is a powerful tool for understanding the history and organization of complete genomes. The mathematical tools of population genetics combined with genomic analysis provide a powerful approach to dissect heterogeneities in genome evolution. This study presents a hierarchical analysis of the enterocyte and effacement island (35 kb), which is found in the enteropathogenic and enterohemorrhagic strains in Escherichia coli and in Citrobacter rodentium. The locus of enterocyte and effacement in E. coli is considered to be a clonal unit inside a clonal organism and is expected to evolve as a single unit. This analysis examines the clonal assumption by determining genetic diversity, GC content, and the substitution rates at the different functional levels of (i) the complete pathogenic island, (ii) the five operons in which the island is organized, and (iii) for each of the individual 41 genes that comprise the locus. We find that there is a conserved region that is composed of genes that belong to the type III secretion system and that may be products of horizontal transfer. A more diverse region is composed of genes for secreted proteins and genes that we infer to be original components of the E. coli genome. This genetic mosaic seems to be differentially affected by selection and mutation. Our results suggest that recombination and selection may be breaking this structure so that different elements are, at best, weakly coupled in their evolution. These observations suggest that the units of selection are not the complete island, but rather, much smaller units that comprise the island.
scherichia coli is a diverse bacterial species living in multiple habitats, including the intestine of mammals and other vertebrates as a free organism, commensal organism, or pathogenic organism (1) . The comparative analysis of complete genome sequences of four E. coli serotypes, the enterohemorrhagic E. coli. (EHEC) pathogens EHEC O157:H7 strain EDL933 (2) and O157 Sakai (3), the uropathogenic strain CFT073 (4) , and the nonpathogenic laboratory K-12 MG1655 strain (5) , reveals that this bacteria exhibits substantial genome diversity, where only 39.2% of proteins are shared between the four strains (4). This result strongly suggests that the genome is a mosaic that includes a conserved backbone considered to be the core E. coli genome, together with genomic islands comprised of groups of genes interleaved throughout the genome (2) . Numerous studies of population genetics of humanrelated E. coli have strongly suggested that this enteric bacteria is a clonal organism (6, 7) , where periodic selection is the cohesive evolutionary force. Yet, when viewed at the whole-genome level, E. coli is a mosaic characterized by different units (islands, operons, and genes) with different evolutionary histories.
Genomic islands and operons are considered units where groups of genes are transcribed together and whose products contribute to a specific function (8) . Typical examples of genomic islands are the pathogenic islands (PAIs) present in pathogenic bacteria that form the principal molecular component responsible for the development of a specific disease (9) (10) (11) . Evidence supports the idea that PAIs are considered genetic units horizontally transferred through bacterial species during evolution (11) . PAIs have common features including a preference for insertion at tRNA sites and atypical GC content (9, 10) . On the other hand, it has been suggested that operons are also mobile elements originated by horizontal transfer events (8) . These genetic units (PAIs and operons), where genes are acting in concert, are expected to evolve at homogeneous rates owing to their mutual interdependence in producing a phenotype (8) . Thus, evolutionary parameters of these genetic units such as GC content, genetic diversity, codon usage, and substitution rates are expected to be homogeneous. However, if selection is sufficiently weak and if the magnitude of recombination is sufficiently large, the PAIs may become decoupled in their evolution (8) . A second important feature of genomic islands is their hierarchical organization because islands are themselves composed of groups of operons, which are in turn composed of groups of genes that are interdependent in their regulation. The goal of this study is to ask whether an important PAI evolves in a homogeneous fashion, and if not, whether patterns of evolution are homogeneous within the operons and͞or within the genes that comprise the PAI.
A PAI of interest is the locus of enterocyte and effacement (LEE) that is likely to encode almost all of the genes necessary to produce an intestinal attaching͞effacing (A͞E) lesion (12) ; the acquisition of this PAI probably transforms nonpathogenic E. coli strains into pathogenic strains (13) . The average size of LEE is Ϸ35 kb with a GC content of 38% (14, 15) , which is very different from the housekeeping genes of E. coli (GC content ϭ 50%) (4). The locus comprises 41 genes that include a type III secretion system (TTSS) (16) , an adhesin-denominated intimin (eae) (17) , its receptor (tir) (18) , several secreted proteins (espA, espD, espB, and espF), and their chaperones (19) . The TTSS apparatus directs the transfer of specific proteins across the bacterial envelope, where the secreted proteins function to transfer effector proteins into host cells (16) . The adhesin receptor tir is transferred into host cells, where it is modified by host kinases, and becomes inserted into the plasma membrane to orchestrate cytoskeletal rearrangements; this activity depends on its interaction with the adhesin (eae) and tyrosine phosphorylation (18) . The secreted proteins are required for the translocation of other proteins into the host cell; in the specific case of espA, this protein forms a filamentous conduit along which secreted proteins travel before they arrive at the translocation pore in the plasma membrane of the host cell, comprised of espB and espD (19, 20) . Many secreted proteins before secretion are maintained in the bacterial cytoplasm by association with a specific chaperone (19) (20) (21) . The 41 genes are organized in five polycystronic operons known as LEE1, LEE2, LEE3, TIR, and LEE4, all of them positively regulated by ler (12) , which is localized at LEE1.
Additionally, recent evidence suggests that there are two more regulators inside LEE: orf10 seem to encode a negative regulator and orf11 seem to encode a positive regulator (22) . However, nearly half of LEE genes (with the exception of the TTSS) seem to have no homologs in other bacteria and have no identified function. LEE islands can be found in diverse range of A͞E pathogens with different host specificity and evolutionary history. These pathogens include E. coli strains that are natural pathogens of animals, such as rabbits, pigs, cats, dogs, and Citrobacter rodentium, a mouse pathogen.
We present a comparative bioinformatic analysis of the LEE island from six epidemic pathogenic strains of E. coli that includes descriptions of the genetic structures of the islands and a determination of the role of selection and mutation on the present structure of LEE.
Methods
Sequences. For this study, we used six complete sequences for LEE that are available at GenBank; they correspond to the A͞E pathogens described in Table 1 , which is published as supporting information on the PNAS web site. We carried out three different scales of analysis: (i) we used the complete LEE as a unit, (ii) we dissected LEE into its five operons and analyzed them separately, and (iii) we studied each of the 41 genes that comprise the island individually. A statistical analysis of ANOVA and a Tukey's test were also performed to test for significant differences of GC content and substitution rates between operons and genes.
Alignment. CLUSTALW (23) was used to produce a multiple alignment of the six LEE islands. The corresponding delimitation of the coding and noncoding regions was performed by using BIOEDIT (24) (the complete alignment is available on request). Both LEE islands of EHEC strains are reported in the reverse orientation compared with the other strains, so we hand-corrected them to be in the same direction. Shiga toxigenic E. coli corresponds to LEE locus II, which contains LEE as generally described, and a region of 23,586 bp that carries additional elements of pathogenesis characteristic of this strain, but that we discarded for this study. A special case is orf3 that is not considered to be present in EPEC strain RDEC-1 and Shiga toxigenic E. coli strains because a mutation of T to C at the first codon interrupts the initial methionine; however, because the rest of the sequence remains unchanged and homologous to the other islands, we included it for the study as additional informative sites. C. rodentium has an inversion of the two first genes of the island (rorf1 and espG), and they are localized at the end of LEE. For the purpose of this study, we analyzed them as if they were in the same order as the rest of the strains. For the espF gene, we included only the partial sequence (606 bp) because the last base pairs of the gene are hypervariable (data not shown).
Genetic Diversity. The genetic diversity of LEE was assessed by the estimation of pi (), which was calculated from the total number of sites and determined with DNASP (25) .
GC Content. The GC content determination was carried out by using MEGA 2.1 (28) . We presented the average GC content for the complete LEE, for each of the five operons, and for every gene. We also included the distribution of GC content at first, second, and third position of LEE genes.
Codon Adaptation Index. The codon adaptation index for the 41 genes of LEE was calculated by using CODONW, which was written by J. Peden (Institut Pasteur, Paris), and can be accessed at www.bioweb.pasteur.fr/seqanal/interfaces/codonw.html, based on the work of Ikemura (27) .
Phylogenetic Analyses. We constructed the genealogy of the six islands by using the alignment described above that corresponds to the complete core consensus sequence homologous between them, including coding and noncoding sites by using MEGA 2.1 (26) . The genetic distances were generated under neighbor joining (28) with Tamura-Nei distance (31) (data not shown). The same method was used for the genealogy construction of every individual LEE gene. Character support for the genealogies was assessed by 5,000 bootstrap resamplings of the data (30) , in the case of LEE genes, and 10,000 iterations for the complete six islands. In addition to the genealogy construction, congruence between genes was assessed by using the incongruence length difference (ILD) test (31) , which is available in PAUP V.4.03b (32) . The ILD was performed for combined data matrices of some selected genes, and the test was performed on all matrices with 1,000 data partitions by using branch and bound searches (33) . One additional method was used to support the ILD results. Split-decomposition analysis detects conflicting phylogenetic signals by allowing the genealogies to be expressed in a network rather than a tree-like representation of relatedness. This analysis was performed by using SPLITSTREE V.2.4 (34) with Hamming distances and using informative sites only.
Statistical Test for Adaptive Selection. The determination of the nucleotide substitution changes and the nonsynonymous (dN) and synonymous (dS) substitutions per site ratio is frequently used as a test for positive Darwinian selection (PDS). When this ratio is equal to 1, the gene is under the neutral model of evolution, if this ratio is Ͼ1, PDS is inferred, whereas if this ratio is Ͻ1, purifying selection is inferred (35, 36) . To assess the role of selection among LEE, we used two methods. First, we performed a general estimation of the dS and dN, respectively, for the whole-sequence sample; in this case, we used the analysis developed by Nei-Gojobori (37) implemented by using the DNASP package (25) . Second, we used the integrative approach for detecting selection at specific amino acid sites included at HYPHY 0.901B, which can be accessed at www.hyphy.org (38) from the site www.datamonkey.org developed by KosakovskiPond and Frost (39) . The integrative analysis for detecting selection includes three different analyses called single likelihood-derived ancestor counting, approximate likelihood ratio at a site, and full likelihood (see refs. 39-41 for more detailed information on the methodology). All of the analyses start with a given estimate of the genealogy (described above), and, fitting a codon substitution model, the number of changes occurred along each genealogy are estimated with different methodology. We present the average dN͞dS ratio and the sites for each LEE gene that are inferred to be under PDS and͞or purifying selection.
Results

General Analysis of LEE Islands.
A total of 32,148 bp comprises the core sequence shared by the six LEE islands, including coding and noncoding sites. From the general alignment, it is evident that the core region of LEE is conserved among A͞E pathogens in sequence and structure. The variable parts include the flanking regions, the insertion sites, some intergenic regions of genes such as the intimin (eae), rorf1, and espG, and insertions between the operons TIR and LEE4, which is especially evident in C. rodentium (data not shown). From the core sequence of the six islands, 78% (25, 067) corresponds to conserved sites, and 22% (7,051) are polymorphic sites. Although there is high degree of conservation in structure, the genetic diversity is relatively high ( ϭ 0.10). The GC content is low at 38.6% (Ϯ 0.46 SE), which is congruent with previous reports (38%) (14, 15) . The complete genealogy for the six islands was in agreement with the pathotypes relations described (42) ( Table 1 and Fig. 1) , where the EHEC-1 and enteropathogenic E. coli (EPEC)-1 groups are more divergent and more related between each other, and the EHEC-2 group is more conserved and less divergent (42) .
PNAS web site, we observe that the first three operons (LEE1, LEE2, and LEE3) have similar number of genes, genetic diversity, and GC content. These three operons comprise almost the entire TTSS of the LEE locus. On the other hand, the last two operons (TIR and LEE4) exhibit more variation in gene number and sequence size. LEE1 comprises nine genes (from ler to escU) with an average genetic diversity of ϭ 0.060. This operon has the lowest GC content (33.1%) of the group, which is significantly lower (P Ͻ 0.0001) than the average of the complete LEE locus (38.6%). This operon contains the main regulator recognized for LEE (ler). LEE2 includes six genes (from cesD to sepZ) with a genetic diversity of ϭ 0.090 and a GC content of 37.8% close to the average of the complete island. This operon includes the gene that contains the highest genetic polymorphism (sepZ ϭ 0.24) and has not been functionally studied yet. LEE3 includes six genes (from orf12 to espH) with an average genetic variation of ϭ 0.073 that, with the exception of espH ( ϭ 0.18), is conserved among the genes that integrate the operon. The average GC content is 39.2% (including espH). TIR comprises only three genes (Tir, cesT, and eae) that have the highest genetic variation observed for the LEE locus ( ϭ 0.133). The average GC content (43.3%) is also significantly higher (P Ͻ 0.0001) than the average of the LEE locus. This operon includes the adhesin denominated intimin (eae) and its receptor (tir) that together are fundamental for the development of the A͞E lesion, giving the close attachment to the host membrane that characterize the A͞E pathogens. LEE4 includes eight genes (from sepL to espF) with a genetic diversity similar to TIR ( ϭ 0.129) and a GC content of 41.9%. This operon contains several secreted proteins as espA, espD, espB, and espF that are responsible for the signal transduction system and for the melting of the microtubules of the host cell. The ANOVA and Tukey's tests show that GC content between the five operons is significantly different (P Ͻ 0.0001).
Genetic Diversity of LEE. The 41 genes of LEE have an average genetic diversity distribution that ranges from ϭ 0.03 (orf11 SE Ϯ 0.008) to 0.24 (sepZ SE Ϯ 0.027) ( Table 3 , which is published as supporting information on the PNAS web site). This distribution characterizes the broad range of genetic variation contained within the island. A comparison of the diversity of LEE genes with genes that are part of the conserved backbone of E. coli like mdh ( ϭ 0.01; n ϭ 46), putp ( ϭ 0.02; n ϭ 12), fimA ( ϭ 0.06; n ϭ 7), and trpA ( ϭ 0.03; n ϭ 25) (43) reveals the high genetic diversity characteristic of the pathogenic genes. This finding is especially evident if we consider the sample size of the present study (n ϭ 6), and that all of the strains used belong to epidemic clones. It will be of future interest to explore this variation in nonepidemic strains from a broad range of E. coli natural hosts (A.C., unpublished work).
GC Content of LEE Genes and Codon Adaptation Index. The average GC content of LEE genes also exhibits a broad distribution from 28.3% SE Ϯ 0.33 (rorf3) to 53.1% SE Ϯ 0.22 for espF (Fig. 2) . To describe in more detail how this GC content is distributed among the different coding positions of the genes, we divided it in first, second, and third positions. The GC content is significantly different (P Ͻ 0.0001) at the first position (45.09%), as compared with the second (34.4%) and third (33.5%) positions that are similar to each other. It has been proposed that sequences introduced by horizontal transfer, as suspected for the complete LEE locus, will be affected by the same mutational processes as the recipient genome and eventually, will converge to the base composition and codon usage of the resident genome (44) . This process should occur most rapidly at sites with little or no functional constraint, particularly the third position, where most changes are synonymous. Accordingly, we expect the third position to have a higher GC content. However, in this case, the first position is the most similar to the resident genome in GC content. Perhaps more interesting is the observation that the third position has an even a lower average GC content than the second position. If mutational processes and selection affect all genes homogeneously, we might expect GC content to have increased toward the E. coli average (55.4% for the third position, 40.7% for the second position, and 58.8% for the first position) (45), instead, we observe a very low average GC content (33.5%). These results establish a high codon bias for LEE genes. This result could be interpreted as a signal of conservation from its original source, even when the island has been horizontally transferred in multiple occasions for a considerable time (11, 13) , or it could be a signal of regulation, because LEE is only expressed on the logarithmic growth phase during infection to the host (17) . We calculated the codon adaptation index (0.200 Ϯ 0.0016) for the genes of the LEE locus (excluding C. rodentium) and found that they were considerably lower than for the average present in E. coli genes (0.485 Ϯ 0.051) (4) . This index indicates the use of rare codons when it has low values. In this case, is showing that the genes of LEE are biased and differ from the reminder of the E. coli genome.
Genealogy of LEE Genes. The phylogenetic study of LEE island genes highlighted differences in the evolutionary histories of some of its members. Almost all of the 41 genes give the same branch order between each strain in congruence with the described for the Fig. 1 . Genealogy of the six LEE islands used in the study. The genealogy was constructed by using the 32,148 bp that comprise the core consensus of the six islands (including coding and noncoding sites), under the neighbor-joining method with Tamura-Nei distance, and 10,000 bootstrap resamplings. STEC, Shiga toxigenic E. coli. genealogy based on the pooled LEE genes sequence data. Interesting exceptions are orf3, cesD, rorf6, rorf8, sepZ, orf16, espH, cesF, map, tir, eae, espA, and espB that give different branch orders and lengths (the genealogy of each gene is available on request). In these genes, the EPEC strain E2348͞69 is very divergent, not closely related to the EHEC-1 group as described before, but is grouped with C. rodentium. We selected a sample of these genes (Table 4 , which is published as supporting information on the PNAS web site) and constructed matrices in a pairwise manner by using some of the genes that presented a different genealogy with a sample of those that have the same consensus LEE genealogy for the ILD test. The ILD test statistically confirmed the topologic incongruence that supports the idea that some genes have a different phylogenetic history than the rest of LEE. Significant differences (P ϭ 0.001) were observed when we compare some genes of the TTSS (escJ, escR, escS, escU, escV, escN, escD, sepZ, and escF) with espH, map, tir, eae, espA, and espB (Fig. 3) . We also use these genes to test for the split-decomposition analysis, and the incongruence, together with possible signals of recombination. We observed recombination for espH, map, tir, eae, espA, and espB (Fig. 4) . This result suggests that recombination may be breaking the linkage between these genes and allowing them to diverge.
Nucleotide Substitutions of LEE Genes. We determined the dS and dN for the 41 genes of the LEE locus. The dS is assumed to be primarily related to mutational processes because they do not alter the amino acid composition. The dS estimates range from 0.10 (SE Ϯ 0.02) for orf11 to 1.12 (SE Ϯ 0.20) for cesF (Fig. 2) . From this analysis, we can observe that dS estimates are not uniform among the members of LEE.
The dN describes the substitution rates at sites with amino acid changes, so they are an index of both selective and neutral events. The dN estimates for the LEE genes are more restricted in distribution than the dS. This result is especially true in the case of the TTSS, where we find values as low as dN ϭ 0.011 SE Ϯ 0.001(escS), indicating that most mutations at these positions are eliminated. These genes have homologs in Salmonella and Yersinia (46) and are clearly a product of horizontal gene transfer. In contrast, dN estimates for some genes are high ( Table 3 dN͞dS ratios were averaged over all of the sites in the gene sequence and they are given for each site of the gene sequence. Thus, we obtained the average dN͞dS and also an indication of sites that may be under purifying and͞or PDS. For LEE, although there is high polymorphism, most members appear to be under purifying selection (dN͞dS Ͻ1), whereas some genes are close to neutrality (dN͞dS ϭ 1), but none of the genes appear to be under PDS (dN͞dS Ͼ1) (Fig. 2) . The gene that has the highest dN͞dS ratio is espG (0.54), a secretion protein, this gene in C. rodentium is localized at the end extreme of the island, possibly as a product of a rearrangement. Other genes with a high dN͞dS ratio are espF, espH, and sepZ with 0.43, 0.41, and 0.39, respectively. The lowest dN͞dS ratio is present at some members of the TTSS with values as low as 0.05 for escS or 0.07 for escT and escC.
The result from the site-by-site analysis shows that few genes have sites under PDS. These genes are espG (one site), map (one site), tir (one site), eae (three sites), espD (one site), and espF (one site) ( Table 3) ; none of them are part of the TTSS. These are interesting sites for the study of directed mutagenesis and gene therapy because they are genes that have an important role on the virulence of A͞E pathogens, especially the intimin (eae) and its receptor (tir). Two of the regulators of LEE seem to be neutral (orf10 and orf11), with no sites under adaptive or purifying selection. Most of the genes with the highest number of sites under purifying selection belong to the TTSS (orf4, orf5, escR, escC, escJ, escV, and escN) ( Table 5 , which is published as supporting information on the PNAS web site). TTSS are involved in the development of a complex structure that crosses the membrane so maybe any change at the sites is purged to preserve the structure. The receptor of the intimin (tir) is a special case, that, along with escV (TTSS) and escC (TTSS), present the highest number of sites under purifying selection with 102, 110, and 115 sites, respectively.
Discussion
The pathogenic LEE island has been the focus of numerous epidemiological and molecular studies because it represents an excellent model for the evolution of pathogenesis. The acquisition of this PAI is thought to confer pathogenic characteristics upon a normal commensal E. coli strain (13) . From the evolutionary point of view, LEE has been considered a genetic unit that has been horizontally transferred through A͞E pathogens evolution (13) . However, from the analysis of wild hosts of E. coli, it has been suggested that this island could be more dynamic, involving an ongoing process of construction and disruption (47) . This PAI confers different fitness to some pathogenic strains of E. coli as in the case of the serotype O157:H7, a successful epidemic clone responsible of important epidemic outbreaks that have caused the death of adults and children (15) .
From the present study, we observe an increase of genetic diversity and GC content along the LEE island as we analyze it from its 3Ј end through the 5Ј end (Fig. 2) . The TTSS, largely represented in the first three operons, is the group of genes with lower levels of genetic diversity and GC content. On the other hand, genes such as map, tir, eae, espA, espD, espB, and espF present the highest levels of genetic diversity and GC content closer to the average of E. coli genes. From the GC content, substitution rates, and phylogenetic analyses, we infer that the TTSS travel together as a cluster of genes linked by function. The nonsynonymous substitution rate for these genes is low and purifying selection is eliminating diversity. This group of genes that have the lowest GC contents, genetic diversities, and conserved nucleotide substitution rates may preserve the phylogenetic signal of the early formation of the island. These results, together with the finding of other regulators of the secretion system localized outside the LEE island (22) , strongly support the idea that the TTSS may also be participating in other processes not necessarily related to virulence. The parallel acquisition of some other virulence factors as an invasin (eae) by nonpathogenic E. coli strains that already have a TTSS may increase its virulence, completing the molecular scenario for the appearance of a new pathogen. We suggest that the TTSS could be a good candidate for the calculation of the time of its integration to E. coli genome and compare it with the adhesin (eae) or some secreted proteins as espB. This result may reveal the time when the LEE island was originally assembled. Otherwise, because the TTSS is involved in pathogenesis, this finding may provide targets for future therapies.
The fact that genes like the adhesin and its receptor are more divergent, less conserved, and with different genealogies than the rest of the island, supports the hypothesis that virulence is a recent derived state that may be a result of the parallel acquisition of virulence factors. The presence of genes like the adhesin, which is a mosaic product of recombination (48, 49) , suggests that the origin and evolution of the LEE island is a complex process.
From the observed polymorphism present at some LEE genes and the nucleotide substitutions results, we expected that some genes will have a dN͞dS ratio Ͼ1, a clear sign of the participation of PDS. However, none of the loci seem consistent with this assumption, and again this ratio is highly variable across the genes of the island. The second part of the analysis highlighted the specific sites under PDS or purifying selection. Interestingly, it seems that PDS had, at best, a minor role in shaping the history of the LEE island, but this does not mean that was not an important role. A few sites of LEE genes are under PDS in genes that are fundamental for the correct development of the A͞E lesion, such as map or the adhesin and its receptor. These sites are very important for directed mutagenesis analysis and antibiotic treatment because these genes are key virulence factors in A͞E lesion. On the other side, the participation of purifying selection is evident and important for several genes of LEE, like some members of the TTSS, where any change is purged to preserve the protein structure and function. Thus, purifying selection seems to be delimitating important regions for the protein structure.
There are two different types of genealogy for LEE. The TTSS has a different genealogy than other genes like map, tir, or eae, indicating that at least two different transfer events originated the island or that recombination is weakening the assemblage. If recombination is common, we might expect to reconstruct many different genealogies within the island. Curiously, we only have two types of relatedness inside LEE, the general consensus LEE genealogy and the alternative genealogy where the EPEC strain is more related to C. rodentium. The ILD test shows that there is congruence between the genes that belong to the TTSS, so it is clear that this group of genes have a shared ancestry and have been traveling together since the origin of LEE. On the other hand, internal recombination is shaping the genealogies of genes such as map, tir, eae, espA, and espB, and may be promoting the development of new pathotypes. Thus, the ancient formation of the LEE island may be a product of two different transfer events, the first was the acquisition of the TTSS, and the second the acquisition of genes as the adhesin. However, although they are not part of the conserved backbone of genes in E. coli, some unique genes in LEE (like tir) may have been generated de novo. This result is possible, especially if we considered pathogenesis as a derived state in E. coli.
There is a high degree of heterogeneity present among LEE island genes in genetic diversity, GC content, and nucleotide substitution rates. We dissect these heterogeneities beginning with the complete LEE island level on through its constituent operons and genes. A group of genes linked by function and coregulation might be expected to experience common mutational and selective processes. Consequently, if the island is a genetic unit evolving in concert, this fact will be reflected in the conservation of a signature present in GC content, genetic diversity, and nucleotide substitution rates, especially if they share common ancestry and are regulated in synchrony. In this study, we find that diversity, GC content, and nucleotide substitution rates are variable, suggesting that mutation and selection are acting with different intensity within the PAI, generating a mosaic. The results derived from the present study suggest that the assumption that LEE was assembled and has been evolving as a unit is not supported by the data. There probably have been recombination events and different selection pressures for different parts of LEE generating a genetic mosaic, which will create different coalescent times for different regions of the PAI.
The present study included only pathogenic strains from epidemic clones, where selection is believed to be sufficiently high to maintain LEE as a unit during horizontal transfer. However, even in this group of strains, the phylogenetic signal points to evidence for different transfer events in the origin of the LEE island. The results of this study suggest that the origin and evolution of LEE is a more complex process than previously thought. The unit of selection in this specific case, is not the whole island, but smaller modules inside the island and within its constituent genes. This study may also delimitate the minimal LEE unit needed for A͞E to became pathogens at the first instance. Future work will need to explore both atypical strains of EPEC and EHEC, and also wild strains of E. coli not related to humans, to better understand the evolution of pathogenesis.
